Abstract The inferior colliculus (IC) is a well-established target of descending projections from the auditory cortex (AC). However, our understanding of these pathways has been limited by an incomplete picture of their functional influence within the three-dimensional space of the IC. Our goal was to study the properties and spatial representation of corticofugal input in the IC of guinea pigs with a high degree of spatial resolution. We systematically mapped neural activity in the IC using two types of silicon substrate probes that allow for simultaneous recording at multiple neural sites. One probe provided a high resolution in the dorsal-ventral plane and the other provided spatial resolution in the medial-lateral plane. Electrical stimulation of the ipsilateral AC produced excitatory responses in the IC with thresholds usually below 5-10 µA. First spike latencies were predominantly in the 6-20 ms range, although latencies from 3-5 ms were also observed. Broadly distributed unimodal spike patterns with modal latencies greater than 30 ms were occasionally seen. The excitatory responses to cortical stimulation were mostly unimodal and occasionally bimodal with a wide range of spike distribution patterns and response durations. Excitation was often followed by suppression of spontaneous activity. Suppression of acoustic responses was observed even when there was little or no response to electrical stimulation, suggesting spatial-temporal integration. A few of the responding neurons showed purely inhibitory responses to electrical stimulation, suggesting that there are disynaptic routes of corticocollicular inhibition. Detailed spatial mapping revealed that the response patterns and their durations had a characteristic spatial distribution in the IC.
Introduction
The inferior colliculus (IC) is a key structure in the auditory system, playing a role in both normal hearing (Aitkin 1986 ) and spatial orientation to sound (Jane et al. 1965) . Besides its critical role in the ascending auditory pathway, the IC also forms part of the descending auditory pathways. The IC receives both afferent input from several brainstem auditory nuclei (Beyerl 1978; Brunso-Bechtold et al. 1981; Druga and Syka 1984; Shneiderman et al. 1988) and is a well-established target of corticofugal projections from the auditory cortex (AC) (for reviews see Syka et al. 1988; Suga et al. 2000) . The descending corticofugal system forms multiple feedback loops in the ascending auditory pathways. Cortical input to the IC is both divergent and convergent, with single cortical areas projecting to six or more collicular subdivisions (Winer et al. 1998) . Neurons in layer V of the auditory cortex project to, among other auditory structures, the inferior colliculus (IC) (Kelly and Wong 1981; Saldana et al. 1996 ) with a tonotopic organization (Huffman and Henson 1990) . Although corticocollicular fibers project bilaterally to the IC, the ipsilateral projection is much more extensive (Saldana et al. 1996; Druga et al. 1997 ). colleagues (1998, 2002) have demonstrated a significant projection from every cortical field to the IC in various mammalian species, including rat, cat, and squirrel monkey. The principal targets in the IC are the dorsal cortex, lateral nucleus, caudal cortex, and intercollicular tegmentum, with a sparse projection to the central nucleus. The heaviest AC projection terminates in the caudal half of the IC.
The physiological effects of corticofugal projections to the IC have been previously shown in bats (Sun et al. 1989; Yan and Suga 1996; Suga 1997, 2000; Jen et al. 1998; Yan and Suga 1998; Zhou and Jen 2000; Ma and Suga 2001a ) and other mammals including rats (Syka and Popelar 1984; Syka et al. 1988) , guinea pigs (Torterolo et al. 1998 ) and mice Ehret 2001, 2002) . These studies have demonstrated that corticofugal modulation of IC neurons can be excitatory and/or inhibitory. As in other auditory structures, sound frequency is systematically represented as a tonotopic map in the IC. Recent studies in bats and mice indicate that corticofugal projections play a key role in the organization and reorganization of this map. Focal electrical activation of the AC elicits frequency-specific changes in tonotopy, frequency tuning, sensitivity and response patterns in the IC mediated by corticofugal projections Suga 1996, 1998; Suga 1997, 2000; Jen et al. 1998; Zhou and Jen 2000; Ehret 2001, 2002) .
While the fundamental importance of corticofugal modulation of IC processing of auditory information cannot be refuted, the functional role of corticofugal projections is poorly understood in animals with nonspecialized auditory systems (Syka and Popelar 1984; Torterolo et al. 1998; Ehret 2001, 2002) . Moreover, our understanding of the corticofugal pathways is limited by an incomplete picture of their functional influence within the three-dimensional (D) space of the IC. One of the recent technical advances that could assist in providing this information is the development of micromachined multichannel silicon probes. This involves the use of solid-state process technology to realize probes in which a precisely etched silicon substrate supports an array of thin-film conductors insulated above and below by deposited dielectrics. Openings in the dielectrics, produced using photolithography, form the recording sites, which permit recording from single or small groups of neurons on a highly selective basis. The fabrication process for microprobe structures have made possible great strides in the development and use of 1-D singleshank probes, 2-D planar probes and, more recently, 3-D arrays to study the processing of neural information (Najafi et al. 1985; Ji and Wise 1992; Hoogerwerf and Wise 1994; Chen et al. 1997) .
Micromachined silicon probes now allow the realization of recording arrays having sites lithographically controlled with spacings as small as a few microns on supporting shanks 10-15 µm thick and less than 30 µm wide. Such probes have been used successfully by many physiologists to explore new aspects of neural systems in acute experimentation, recording neural responses to various stimuli simultaneously from a large number of neurons (Bragin et al. 1995; Harris et al. 2000) , and there is growing interest and success in using these devices for chronic recording (Bragin et al. 2000; Mensinger et al. 2000) . In the present study we have used these probes to systematically map the properties and spatial representation of corticofugal input in the IC of guinea pig with a high degree of spatial resolution.
Materials and methods
Experiments were performed on healthy female, adult pigmented guinea pigs (Elm Hill Breeding Labs, Chelmsford, MA) with normal Preyer's reflexes, weighing 289-656 g. All procedures were performed in accordance with NIH guidelines for the care and use of laboratory animals and guidelines provided by the Institutional Animal Care and Use Committee of the University of Michigan.
Surgical preparation
The animals were anesthetized with a mixture of ketamine (Ketaset, 80 mg/kg, i.m.) and xylazine (Rompun, 4 mg/kg, i.m.) and held in a stereotaxic device (Kopf) with hollow ear bars for the delivery of sounds. Supplemental doses of ketamine (40 mg/kg) were administered every 60-90 min to maintain anesthetic levels throughout the experiment. Rectal temperature was monitored and maintained at 38°±0.5°C with a thermostatically controlled heating pad. The scalp overlying the dorsal skull was removed and two holes drilled in the skull to expose the right AC and right IC. The hole for the IC was sufficiently large to expose the midline blood vessels and the transverse sinus, located in the dura between the cerebellum and occipital cortex that overlies the IC. The dura mater was carefully removed to always expose the same A1 region (anterior auditory field according to Redies et al. 1989) . To expose the IC, the dura over occipital cortex was removed. Care was taken to cut the dura as close as possible to the transverse sinus and midline blood vessels since these were used as landmarks for establishing the initial coordinates in the spatial mapping. The occipital cortex was aspirated to directly visualize the IC in many of the experiments, especially those involving the electrode with 32 recording sites (see below).
Recording and stimulating electrodes
We systematically mapped neural activity in the IC using silicon substrate probes that allow for simultaneous recording at multiple neural sites. Two types of probes were used. They were fabricated by the Center for Neural Communication Technology in the University of Michigan Electrical Engineering and Computer Science Department. The first probe was a single shank device with 16 recording sites spaced at 100-μm intervals that provided a high spatial resolution in the dorsal-ventral plane. The second probe, which was specially designed and fabricated for this study, had 32 recording sites (Fig. 1 ). They were distributed across a four-shank array with eight recording sites spaced at 200-μm intervals on each shank. The four shanks, which were separated by 250 μm, provided high spatial resolution in the medial-lateral plane. The electrode for stimulating the AC was a concentric bipolar electrode having an outer pole 200 μm in diameter and a 50-μm stainless steel inner conductor.
Neural recordings
Neural recordings were obtained with the silicon probes using headstages and amplifiers connected to a multi-channel data acquisition system capable of simultaneously recording up to 32 channels of single-unit data (Plexon, Dallas, TX). The system consists of a signal-input board which provides programmable gain, filtering (bandwidth 0.3-10 kHz) and analogue-to-digital (A/D) conversion. Responses of single units and unit clusters were digitized with 12-bit resolution at 40 kHz on all channels simultaneously. Signals were then routed to multiple digital signal processor boards for computer-controlled spike waveform capture and sorting. The processor was controlled by a Pentium III 600 Mhz, with 768 MB RAM running under Windows NT, using a dualmonitor display. The system has a suite of software packages for real-time and off-line spike sorting (e.g., template matching and principle component analysis), spike-waveform tracking (WaveTracker software) and data analysis (Neuroexplorer software). Peristimulus time histograms (PSTHs) for all 16 or 32 recording sites were simultaneously displayed in real time and analyzed off-line to establish response properties of IC neurons to acoustic stimulation of the cochlea and electrical stimulation of the AC.
Acoustic and electrical stimuli
Acoustic and electrical stimuli were digitally generated using Tucker-Davis Technology (TDT) System II/System III hardware and SigGen and Sigplay 3.2 software. The electrical stimulus consisted of biphasic, charge balanced rectangular pulses with a phase duration of 100 µsec presented at a rate of 3/sec. It was delivered to the stimulating electrode in the right AC via an optically isolated controlled-current stimulator (in-house fabricated) at current levels ranging from 0 to 100 μA. The digitally synthesized acoustic stimuli (100 ms duration, 5-ms rise-fall times) were delivered to the left ear at sound levels ranging from 0 to 60 dB SPL via a calibrated transducer (Beyer) coupled to the hollow ear bars. Monaural stimuli were used to characterize the excitatory responses that occur in response to contralateral acoustic stimulation.
Experimental protocols
Experimental procedures were performed on 28 guinea pigs. In each experiment, the concentric bipolar stimulating electrode was advanced, perpendicularly to the brain surface, under visual control. It was always placed in the same A1 region of AC at a depth of approximately 700 μm. Either a 16-or 32-channel recording probe was then lowered across the tonotopic axis of the IC from a dorsal approach.
Our goal was to obtain detailed spatial maps of the responses in the IC produced by stimulation of auditory cortex. However, in the first 10 experiments the focus was to stimulate the AC at several current levels to characterize the types of responses and to establish their thresholds. Responses to acoustic stimuli at several frequencies and intensities were also recorded and the effects of electrical stimulation on responses to sound were assessed. These protocols took about 45 min to complete. Thus, it was not possible to record conveniently from more than 12-15 probe locations.
Detailed spatial maps were attempted in the remaining 18 animals. The IC was systematically sampled in the medial-lateral and rostral-caudal directions relative to the midline blood vessels and the transverse sinus, respectively. The initial puncture was made in the IC at a location that allowed us to place the electrode (or left shank of the four-shank array) as close as possible to midline and the cerebellum. Depending on the size and anatomical features of the animal this was usually 1.25-1.5 mm from midline and 1-1.75 mm in front of the transverse sinus. The probes were then systematically relocated at a more lateral position to establish a medial-lateral row of punctures. Single-shank probes were moved in either 200-or 500-μm steps, while the four-shank arrays were moved in 1.0-mm steps (relative to the left shank). This was then repeated at progressively more rostral locations with each row separated by 500 μm. With the 16-channel single-shank probes, the goal was to obtain six punctures in each row for at least seven rostral-caudal locations (a total of 42 punctures). The goal with the 32-channel four-shank electrodes was to obtain three punctures in each row for at least nine rostral-caudal locations (a total of 27 punctures).
With a large number of penetrations into the colliculus, it is possible that the probe could damage the tissue and/or its blood supply, which might influence the results. One advantage of the silicon probes is their small size (see above), producing less damage and enabling them to occupy a very small percentage of the total tissue volume (see Fig. 2 ). To reduce further the potential influence of injury, the rows of punctures were separated by 500 µm. Finally, in an attempt to avoid damage to the corticofugal projections entering the colliculus, sampling always proceeded from caudal to rostral.
Due to the number of probe placements, an abbreviated experimental protocol was used in the detailed mapping experiments. At each probe location, acoustic responses to three frequencies (2, 10 and 20 kHz) at 40 or 60 dB SPL and electrical responses at three current levels (usually 20, 60 and 100 μA) were recorded. This protocol took about 15 min to complete at each probe location, making it possible to record conveniently from 27 or 42 probe locations. Detailed spatial maps were obtained from seven animals (three with 32-channel probes) that comprise the bulk of the data for this paper.
Histology
At the end of each of experiment, the animal was decapitated and the head immersed in 10% formaldehyde. The brain was removed, placed in 20% sucrose solution and then cryosectioned at 40 μm in the sagittal plane. The sections were mounted on slides and examined for evidence of recording electrode locations. Although evidence of electrode tracks could be seen with the thin silicon probes (Fig. 2 , top panel) not all the tracks were commonly observed. Thus, to help identify electrode tracks, the recording probes in the mapping experiments were dipped in Fluorogold (2%). This was done once in a given experiment, for either the first, last or 
Results

Neural activity
Upon placement of a recording electrode at the desired depth in the IC, the quality of neural recordings varied across the array of recording sites. Typically, between 30 and 50% of the sites in each puncture had one or up to three spikes of different amplitude that could be discriminated into single units using conventional spike sorting algorithms such as principal component analysis (Fig. 3C , E, G). The remaining sites had multi-unit neural hash (Fig. 3B, D, F) . Neural hash is defined as neural activity evoked by acoustic or electrical stimulation that does not have a sufficient signal-to-noise ratio to permit reliable spike sorting. Due to the large number of sampled sites using 16-and 32-channel electrodes, no attempt was made to discriminate single units either in real time or offline. Thus, the response patterns depicted in these results are generated largely by multi-unit activity. Tracks can be seen as a result of three rostral caudal placements (top panel) separated by 500 µm. The most caudal track was measured to be 0.66 mm from the caudal edge of the IC (adjusted for 10% tissue shrinkage). Note that the probes produce less damage than a conventional glass pipette and occupy only a small percentage of the tissue volume. In the bottom panel the probe had been dipped in Fluorogold (2%). The fluorescent track was measured to be 2.6 mm from the caudal edge of the IC. This is at the rostral-caudal location of the data depicted in Fig. 10 . Based on such measurements, the rostral-caudal locations of all puncture locations were expressed relative to the caudal edge of the IC. The location of the tracks combined with the coordinates of the spatial map from the surface landmarks enabled a histological 3-D reconstruction of the electrode locations. Scale marker = 500 µm Responses to cortical electrical stimulation Electrical stimulation of the ipsilateral AC produced excitatory responses in the IC with thresholds usually below 5-10 µA. First spike latencies in the 6-20 ms range predominated, although latencies from 3-5 ms were sometimes seen (see below). Broadly distributed unimodal spike patterns with modal latencies greater than 30 ms were occasionally seen. Peri-stimulus time histograms (PSTH) revealed the excitatory responses to cortical stimulation were mostly unimodal or occasionally bimodal with a wide range of spike distribution patterns (Fig. 4) . The criterion for distinguishing unimodal and bimodal response patterns was spike distributions with two modal values separated by at least 5 ms. Figure 4 shows several PSTH response patterns obtained from the IC in response to electrical stimulation of the AC. The most common pattern was unimodal (see Fig. 4A , B, H), occurring at about 90% of the sites that exhibited a response, but the duration of this pattern showed considerable variability. The spike distribution patterns for both unimodal and bimodal responses (Fig. 4C, D , F, G) were categorized according to the duration of the response as short (<5 ms), medium (6-20 ms) and long (>21 ms) duration. The response durations and distribution patterns had a rather characteristic spatial distribution in the IC (see below). Occasionally, trimodal or complex responses occurred. These were defined as spike distribution patterns with more than two modal values each separated by at least 5 ms. In Fig. 4D the response pattern was classified as bimodal although it was borderline for meeting the criterion for trimodal. The trimodal (complex) patterns were usually seen only at higher current levels (>60 μA) and it is not clear how many of these were a consequence of the multi-unit recordings.
The spike distribution patterns and their latencies and durations were quantified in three experiments using 32-channel recording probes. In two of the experiments, data were obtained from 27 punctures while 26 punctures were made in the third experiment. This resulted in a total of 2,560 recording sites of which 1,183 (46%) exhibited an excitatory response to stimulation of the AC at 100 μA. An analysis of the spike distribution patterns revealed that 1,089 (92%) were unimodal, 87 (7%) were bimodal and 7 (<1%) were trimodal/complex. Twenty-two percent of first spike latencies (266) were categorized as having a short latency (<5 ms), 914 (77%) were in the medium category (6-20 ms) and only 3 (<1%) had a long latency (>21 ms). In terms of response duration, 19% (255) of the responses were categorized as short, 790 (67%) had a medium duration and 168 (14%) had a long duration.
In three of the initial experiments (22 punctures, 544 recording sites), responses were obtained at current levels ranging from 0-100 μA in 5-10 μA steps. This resulted in excitatory input-output functions that were predominantly monotonic, although some were non-monotonic. The excitation was frequently followed by suppression of spontaneous activity that lasted for 25-150 ms, more commonly at higher levels of current. Predominantly inhibitory responses to electrical stimulation sometimes occurred (Fig. 5) . Since the corticocollicular projections appear to use an excitatory amino acid as their transmitter (Feliciano and Potashner 1995) , this suppression suggests disynaptic mechanisms of corticocollicular inhibition.
In a small number of experiments (n=4), the effect of electrical stimulation on responses to acoustic stimulation was assessed. Suppression of acoustic responses was often observed with the degree of suppression depending on the level of both the acoustic stimulus and the cortical stimulation. In a few instances the suppression of acoustic responses occurred even though there was little or no response to electrical stimulation, suggesting a form of spatial-temporal integration (Fig. 6) . The results depicted in Fig. 6 show the most dramatic example of this effect with the adapted portion of the response to acoustic stimulation suppressed 56% by electrical stimulation (Fig. 6B) , which had no effect on spontaneous activity when presented alone (Fig. 6C ). This effect was quantified using 94 sites in the four experiments that met the criteria Fig. 4A -H Peri-stimulus time histograms (PSTHs) from IC neurons obtained in response to 100 presentations of a bipolar electrical stimulus presented to the auditory cortex. Uni-and bimodal excitatory responses are shown. These PSTHs were compiled from the unit responses shown in Fig. 3 . The asterisk at the top of each column indicates the stimulus artifact. The data were collected in 0.5-ms time bins of having a primary-like response lasting the duration of the acoustic stimulus (100 ms) and no apparent response to electrical stimulation at the current level studied. Spike counts were determined for the 50 to 100-ms segment of the responses to the tone with and without the electrical stimulus. Of the 94 sites, 59 exhibited suppression produced by the electrical stimulus, with 35 having a suppression of at least 10%. Of these 35, seven exhibited suppression greater than 20% with four displaying suppressions of 40, 44, 55 and 56%. It should be noted that if the position of the stimulus artifact for the electrical stimulation in Fig. 6B is marked on Fig. 6A , it can be seen that the form of the histogram in Fig. 6B with electrical stimulation changes before the stimulus occurs. In Fig. 6B the spike count for the 0 to 20-ms segment before the artifact is actually reduced 16%. Of the 35 sites that showed greater than 10% suppression of the adapted portion of the response to the tone, 24 sites exhibited suppression of the 0 to 20-ms segment, with 13 of these being greater than 10%.
Spatial representation of corticofugal input in the IC
The different types of responses to cortical stimulation exhibited a characteristic distribution within the threedimensional space of the IC. Figure 7 depicts several features of this distribution. The results were obtained with a 16-channel single-shank electrode that was placed at different locations lateral to the midline blood vessels to establish a row of punctures that was 1.9 mm rostral to the transverse sinus. The occipital cortex over the IC was intact in this experiment. The tip of the recording electrode was lowered to a depth of 4.5 mm at the medial-lateral locations indicated at the top of each column of peristimulus time histograms. The histograms in each column were obtained simultaneously to a current of 100 μA applied to the AC and depict increasing depth in the IC. In the two most medial punctures (1.5 and 1.7 mm from midline) predominantly unimodal and bimodal responses to cortical stimulation are strongest at the shallower recording sites. This area in the upper left of Fig. 7 was shown histologically to correspond to the dorsomedial region of the IC. Across experiments, in the most medial punctures (1.25-1.5 mm from midline) the responses tended to occur deeper and be a little more robust than in slightly more lateral punctures (1.5-1.75 mm from midline). The results depicted at 1.7 mm from midline in Fig. 7 show there is an area which has little if any excitatory response to electrical stimulation of AC. The deeper regions at 1.5 and 1.7 mm from midline correspond histologically to the central nucleus of the IC. In this animal, at 1.9 mm from midline the responses to cortical 535 Fig. 5A -D Peri-stimulus time histograms (PSTHs) from IC neurons obtained in response to 100 presentations of a bipolar electrical stimulus presented to the auditory cortex. Although there is no clear excitatory response to the electrical stimulus, the spontaneous activity is clearly suppressed with suppression lasting for 40-60 ms. Asterisks indicate the stimulus artifact, which occurs at 25 ms in this and all subsequent figures. Current levels were 60 µA (A and C) and 100 µA (B and D). The data were collected in 0.5-ms time bins Fig. 6A -C Peri-stimulus time histograms (PSTHs) from IC neurons obtained in response to 100 presentations of a 100 ms, CF toneburst (10 kHz) presented alone (A) and with the addition of a bipolar electrical pulse applied to the auditory cortex (B). The onset of the electrical stimulus is indicated by the asterisk and is delayed 25 ms from the onset of the tone. In B, the electrical stimulus depresses steady state/adapted activity evoked by the tone, and in C, the electrical stimulus presented without the acoustic stimulus has no effect. These responses were obtained from animal ICes021502 at a location 1.4 mm rostral to the caudal edge of the IC and 1.5 mm from midline. This area responded robustly with primary-like responses to toneburst stimulation, but did not respond to electrical stimulation of AC alone. The asterisks indicate the stimulus artifact. The data were collected in 1.0-ms time bins stimulation are more unimodal with depth in the IC and are also shorter in duration. Anatomically, this seemed to correspond to a transition zone between the central nucleus and the external cortex. Further lateral in the external cortex, as seen in column 4 of Fig. 7 , the responses are longer in duration. These were consistent findings across all the mapping experiments.
Although there was some variability between animals (due to differences in the anatomical landmarks used to establish the puncture coordinates), there was always an area largely devoid of excitatory responses to cortical stimulation in the caudal and medial region of the IC that occurred 1.5-2.25 mm from midline and 1.5-2.5 mm rostral to the caudal edge of the IC. However, as depicted in Fig. 8 , this was an area that exhibited the most primarylike responses to acoustic stimulation and a clear tonotopic organization. In this figure, the results were obtained at one location with the electrode placed 1.8 mm rostral to the caudal edge of the IC, 1.5 mm from midline and at a depth of 5.0 mm through the intact occipital cortex. Each column of peri-stimulus time histograms was obtained simultaneously to acoustic stimulation at the indicated frequencies or electrical stimulation of auditory cortex at 100 μA. Although all three acoustic stimuli were presented at 60 dB SPL, the responses are tonotopically distributed across the array of recording sites with areas of maximal excitation located progressively deeper with increasing frequency. There was virtually no excitatory response to electrical stimulation. However, in this and other animals, this region of the IC often exhibited suppression of spontaneous and sound-evoked activity by electrical stimulation of the AC. Our sample of sites showing suppression of acoustic responses is limited (see above) and we have made no attempt to quantify the number of recording sites showing suppression of spontaneous activity (Fig. 5) . However, the suppression of spontaneous activity appeared to be less common than reported by other investigators (Syka and Popelar 1984; Torterolo et al. 1998) , perhaps due to the multi-unit recordings masking the effect in the present study.
Results comparable to those depicted in Fig. 7 are shown in Fig. 9 but in this case they were obtained using the 32-channel four-shank electrode. The electrode was initially placed with the left-most shank 1.25 mm from midline and the tip lowered in the IC to a depth of 2.75 mm (the overlying cortex had been aspirated to visualize the surface of the IC). After recording at this location, the probe was raised, moved 1.0 mm lateral and the tip lowered again to a depth of 2.75 mm. The procedure was again repeated at 3.25 mm from midline. Thus, the columns of PSTHs depict responses separated by 250 μm and ranging in distance from midline from 1.25 to 4.0 mm. It can be seen that in medial locations there are many sites that fail to respond with excitation to electrical stimulation of the AC at 100 μA. This again is an area that was tonotopically organized and exhibited a high percentage of primary-like response patterns to tonal stimulation. Moving laterally, the responses are more robust, with the most lateral responses being of longer duration than those seen at more central locations in the matrix of responses. The more lateral responses also exhibit a higher number of bimodal response patterns. The responses to acoustic stimulation at these locations tended to be less primary-like and less tonotopically organized. A somewhat similar pattern is seen at locations that are 500 μm more rostral (Fig. 10) but here there are greater numbers of medial sites that respond to the electrical stimulus. This is at the rostral-caudal location depicted by the fluorescent track in Fig. 2 (bottom panel) . Moving   Fig. 7 Peri-stimulus time histograms (PSTHs) from IC neurons obtained in response to 100 presentations of a bipolar electrical stimulus presented to the auditory cortex. Each column shows the responses at 16 sites of a 16-channel probe placed at locations, 1.5, 1.7, 1.9 and 3.4 mm, respectively, from the midline and at 1.9 mm rostral to the caudal edge of the IC. Depth increases towards the bottom of the figure, with the tip of probe placed at a depth of 4.5 mm. The depth in this figure is relative to the surface of the occipital cortex since the cortex was not aspirated in this experiment. The more medial channels show stronger responses at shallower depths, while more lateral locations show stronger responses at deeper locations. Note the limited responsiveness in the 1.7-mm area to electrical stimulation. The asterisk at the top of each column indicates the stimulus artifact. The data were collected in 0.5-ms time bins further forward (Fig. 11 ), weaker responses with higher thresholds tend to be distributed centrally in the matrix while more robust responses are located at deeper and more lateral locations. The histology clearly revealed this row of punctures was located in the superior colliculus (SC). At these more rostral locations, the responses are generally longer in duration and less robust, occurring as far forward as 5.0-5.5 mm in front of the caudal edge of the IC.
Discussion
Advantages of the use of micromachined silicon probes for IC mapping Typically, when recording single units in the brain, an electrode is moved to sample multiple neurons. Thus, different neurons are assessed at different times. The critical element provided by silicon probes is their ability to be placed into a 3-D volume of tissue and sample multiple neurons simultaneously. This provides the ability to determine how an array of neurons react to a stimulus over a short period of time, e.g., to image the microstructure of spatial and temporal information across a population of cells.
The use of multicontact micromachined silicon probes for systematic mapping of the IC has several advantages. First, the very small size of the probe allows for multiple punctures with minimal tissue damage. Another interesting property of these probes is the very good geometry of the recording sites. Third, the large number of recording sites (32) and the resulting speed of data collection allow the analysis of a very large number of active neural units in a physiological stable animal. Consequently, the use of multicontact thin-film silicon probes offers for the first time a highly convenient way to spatially map the response characteristics of neurons in the central nervous system. For example, to record the same amount of information in one experiment in which we made 27 punctures with the 32-channel, four-shank probe would have taken approximately 9 days using conventional electrode techniques.
Recording bias is a common concern when using any type of electrode to sample the nervous system. Thus, it is not clear how many "no-response" or "little-response" panels (locations) in Figs. 7, 8, 9, 10 and 11 just show artifacts because the electrode tip did not pick up the response of a nearby unit. Since we systematically moved the electrodes most often in 500-µm steps, it is entirely possible that the spatial distributions of responsiveness do not depict the entire picture. However, due to the large number of punctures, we believe the responses and their distributions are a valid sample of activity. Moreover, since there is anatomical variability in the landmarks we used to establish initial coordinates for the mapping, it is less likely that we sampled the same areas in each experiment, thus lessening the sampling bias.
Characteristics of the effect of cortical stimulation on IC neurons
Our results show that in guinea pig the cortigofugal modulation on IC neurons is highly heterogeneous: excitatory, inhibitory, or both kinds of responses are observed with diverse latencies, spike distribution patterns, and thresholds to electrical stimulation. These results confirm and extend the findings of Torterolo et al. (1998) in the guinea pig IC. They are also consistent 537 Fig. 8 Peri-stimulus time histograms (PSTHs) from IC neurons at one location (1.75 mm rostral, 1.5 mm lateral), obtained in response to 100 presentations of a toneburst. Each column shows the response of 16 sites to a different frequency of stimulation. Depth increases towards the bottom of the figure, with the tip of the probe placed at a depth of 5.0 mm through the intact occipital cortex. Responses to lower frequencies are restricted to shallower locations, and responses to higher frequencies are restricted to deeper locations, in keeping with the tonotopicity of this structure. Note that the same location showed limited responsiveness to electrical stimulation of the AC (right column). The asterisk at the top of the right column indicates the stimulus artifact. The data were collected in 1.0-ms time bins with the findings of Syka and Popelar (1984) in the rat. Suppression of spontaneous activity by electrical stimulation of the AC in at least a few IC neurons has been a common finding. This could occur via a disynaptic mechanism involving inhibitory GABAergic neurons in the IC (Oliver et al. 1994) and their innervation by excitatory glutamatergic descending fibers (Feliciano and Potashner 1995) . The suppression of sound-evoked responses in the IC by electrical stimulation of the AC has generally been reported to occur in conjunction with a suppression of spontaneous activity. However, we observed that suppression of acoustic responses in the IC occurred at a small number of sites (35) in the absence of any discernable effects of cortical electrical stimulation on spontaneous activity. This is interesting and could be explained by spatial-temporal integration, perhaps involving a neural network. Alternatively, it could be due to the multi-unit recordings masking the suppression of spontaneous activity. In this regard, it is of interest that Torterolo et al. (1998) reported suppression of acoustically evoked responses but only in neurons that exhibited little if any spontaneous activity. Additional mapping studies using spike sorting techniques to resolve single units are needed to answer this question.
In addition to the suppression of the adapted portion of the acoustic response, electrical stimulation suppressed the Fig. 9 Peri-stimulus time histograms (PSTHs) from IC neurons at three locations (1.25, 2.25 and 3.35 mm from midline) obtained in response to 100 presentations of a 100-μA electrical stimulus applied to AC. Each group of four columns (3) represents the responses of neurons on the 32-channel, four-shank electrode. Each column then depicts the responses of neurons separated by 250 μm in the medial-lateral plane and 100 μm in the dorsal-ventral plane. The electrode was moved in the medial direction twice to obtain the lateral-medial map depicted here. Histology revealed that this row of punctures was obtained at a rostral-caudal location that was 2.1 mm in front of the caudal edge of the IC. Depth increases towards the bottom of the figure, with the tip of the probe placed at a depth of 2.75 mm from the surface of the IC (cortex aspirated). Note the lack of responsiveness in many medial locations and the more robust responses in the more lateral locations. The abscissa in this and all subsequent figures depicts time for 52 ms after the stimulus artifact. The abscissas were shifted to exclude the stimulus artifact for the sake of clarity with the large number of PSTHs presented. Thus, time zero corresponds to the time of the stimulus artifact. The data were collected in 0.5-ms time bins portion of the response that occurred before the electrical stimulus (Fig. 6 ). This too could be explained by spatialtemporal integration involving a neural network. With a stimulus rate of 3/sec it is conceivable that the effect of the electrical stimulus on synaptic potentials in a polysynaptic network is sufficiently sustained that it affects the beginning of the subsequent response in the series. Experiments in which the interstimulus interval is varied would help to address this question.
Our findings are consistent with the corticofugal modulation studies by Ehret (2001, 2002) in mouse and also consistent with the "multiparametric" characteristics of corticofugal modulation observed in mammals with a highly specialized auditory system. For example, in bats corticofugal modulation affects 1) frequency Suga 1997, 2000; Yan and Suga 1998; Ma and Suga 2001a; Suga 1998, 2000) ; 2) duration (Ma and Suga 2001b) ; and 3) parameters characterizing behaviorally relevant sounds Suga 1996, 1999) . This apparent complexity of the parameters on which descending pathways act can easily be understood if the complex acoustical parameters of sounds used by animals are considered. If corticofugal modulation were limited to only one sound parameter (for example frequency or duration), the adjustment of the central auditory system for auditory signal processing would only be partial. 539 Fig. 10 Peri-stimulus time histograms (PSTHs) from IC neurons at three locations (1.25, 2.25 and 3.35 mm from midline), obtained in response to 100 presentations of a 100-μA electrical stimulus applied to AC. These locations are 500 μm more rostral to the locations represented in Fig. 7 and at a location histologically confirmed to be 2.6 mm in front of the caudal edge of the IC (see Fig. 2 ). Each group of four columns (3) represents the responses of neurons on the 32-channel, four-shank electrode. Each column then depicts the responses of neurons separated by 250 μm in the mediallateral plane and 100 μm in the dorsal-ventral plane. The electrode was moved in the medial direction twice to obtain the lateral-medial map depicted here. Depth increases towards the bottom of the figure, with the tip of the probe placed at a depth of 2.75 mm from the surface of the IC (cortex aspirated). In this more rostral location, more medial sites respond to the electrical stimulus. Note the lack of responsiveness in many medial locations and the more robust responses in the more lateral locations. Time zero as described in Fig. 9 . The data were collected in 0.5-ms time bins
Spatial representation of corticofugal input in the IC
Anatomical studies have demonstrated the descending pathways from the AC to the IC in cat (Andersen et al. 1980 ) and other species, including monkey (Fitzpatrick and Imig 1978) and rat (Saldana et al. 1996) . Cortical input to the IC is both divergent and convergent, with single cortical areas projecting to six or more collicular subdivisions (Winer et al. 1998 ). The principal targets in the IC are the dorsal cortex, lateral nucleus, caudal cortex, and intercollicular tegmentum, with a more sparse projection to the central nucleus. The heaviest AC projection terminates in the caudal half of the IC. These anatomical findings provide the substrate to explain the changing spatial distribution of responses at different locations in the IC we observed in the present study. Responsiveness to cortical stimulation was more robust for punctures in the caudal half of the spatial map and became weaker in more rostral locations. There was an area in the dorsomedial region of the caudal half of the IC that exhibited a number of responsive sites. The more lateral punctures contained the most robust responses, with the duration of the responses being longer at more lateral locations. Rostrally, in addition to being weaker, the responses tended to be located at more central and ventrolateral regions, especially as the punctures moved into the SC. In future studies Fig. 11 Peri-stimulus time histograms (PSTHs) from superior colliculus (SC) neurons at three locations (1.25, 2.25 and 3.35 mm from midline) obtained in response to 100 presentations of a 100-μA electrical stimulus applied to AC. These locations are 1.0 mm more rostral to the locations represented in Fig. 10 and are histologically confirmed to be in the SC. Each group of four columns (3) represents the responses of neurons on the 32-channel, four-shank electrode. Each column then depicts the responses of neurons separated by 250 μm in the medial-lateral plane and 100 μm in the dorsal-ventral plane. The electrode was moved in the medial direction twice to obtain the lateral-medial map depicted here. Depth increases towards the bottom of the figure, with the tip of the probe placed at a depth of 2.75 mm from the surface of the IC (cortex aspirated). In this more rostral location, more medial sites respond to the electrical stimulus. Note that at this location responsiveness is seen centrally in the matrix, but is less robust than the responses that appear deeper in the more lateral locations. Time zero as described in Fig. 9 . The data were collected in 0.5-ms time bins it will be of interest to determine if there are differences in the influence of cortical stimulation on the processing of acoustic information in these different areas and the interactions between visual and auditory pathways.
There is little information in the literature on the spatial distribution of cortically evoked response properties in the IC. Syka and Popelar (1984) reported that responses in the rat IC to cortical stimulation were found mainly in the dorsomedial part of the central nucleus (dorsal cortex) and in the caudal and dorsal regions of the IC. Our findings are consistent with this observation. Syka and Popelar (1984) also reported that neurons in the external cortex of the IC were mostly inhibited by AC stimulation. In contrast, however, we found that at lateral locations, which correspond to the external cortex, the responses were mostly excitatory and robust. Inhibition was observed at more medial and caudal locations in the IC. Additional studies are needed to resolve this discrepancy. However, our findings are consistent with morphological data showing that cortical input to the dorsal cortex and lateral nucleus of IC is monosynaptic, while axons ending in the central nucleus have two projection modes: monosynaptic via thin corticocollicular fibers and polysynaptic via association pathways within the inferior colliculus (Winer et al. 2002) .
Functional interpretation of the role of descending pathways
It is now well established that corticofugal pathways play a significant role in central auditory plasticity being involved in the organization and reorganization of frequency maps under different conditions. Corticofugal feedback may play an important role in the manifestation of tinnitus (Langner and Wallhauser-Franke 1999) . Tinnitus has been shown to be accompanied by a reorganization of tonotopy (Muhlnickel et al. 1998) . Corticofugal modulation may also play a significant role in learning-induced plasticity in the IC Suga 1998, 2000; Sakai and Suga 2001) As occurs in other sensory modalities (particularly the visual and somatosensory systems), deafferentation of the peripheral auditory system leads to significant plastic changes in central pathways (Bledsoe et al. 1995; Klinke et al. 1999; Kral et al. 2002; Syka 2002 for review). Clearly, deafness induces plastic changes in the electrophysiological responsiveness of neurons in the ascending central auditory system, including the IC (Bledsoe et al. 1995) . In most cases of deafness-induced plasticity, a common denominator is a deterioration of inhibition in the subcortical auditory nuclei and the auditory cortex. It is not clear how these changes induced by deafness would influence and perhaps alter the mechanisms of plasiticity associated with corticofugal pathways.
Changes in the structure and function of the central auditory system would be expected to produce a reorganization of the projection maps in the auditory cortex. Because of the projections of IC to the medial geniculate body whose closest auditory affiliations are with cortical regions involved in higher order auditory perception, the cortico-collicular system may link brainstem and colliculo-thalamic circuits to coordinate perceptual aspects of hearing (Winer et al. 1998) . However, in addition to the processes that are altered by decreased or lost receptor function in the ascending pathway, little is known regarding deafness-induced changes in corticofugal and other descending pathways. In light of the aging world population and the increasing amount of noise in our modern world, the study of the neural mechanisms underlying the plasticity of the central auditory system is of high priority. Mapping the exact physiological location in the IC that corresponds to specific corticofugal projection patterns is thus an essential prerequisite to analyze and quantify the changes that occur with deafferentation.
Future directions
Multichannel silicon probes offer a convenient and reliable means to sample from large numbers of neurons with a high degree of spatial resolution. In future directions it would be of interest to examine corticofugal influences on acoustically evoked responses and frequency maps within the three-dimensional space of the IC. By incorporating stimulation sites into IC probes, it should be possible to examine internuclear interactions and modulation of corticocollicular projections. These devices also open the door to examine integration in the IC with auditory and non-auditory corticofugal projections as well as ascending projections to the IC.
